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Social Evolution: Selection on Multiple Cooperative Traits Optimizes Cost-Benefit Relationships
Cooperation is potentially risky in a population where non-producing cheats can reap benefits from and gain a fitness advantage over cooperators. A new study shows that cooperation can be safeguarded by selection on multiple traits.
The Darwinian idea of 'survival of the fittest' is a cornerstone of evolutionary theory, providing a framework to understand the principles of selection [1] . In this context, cooperation -that is, any behavior where individuals interact to enhance the fitness of the populationshould rarely occur: why would individuals work together if the ultimate goal is simply to increase one's own individual fitness? Nevertheless, cooperative interactions are ubiquitous in the natural world at nearly every level of life, from unicellular organisms to humans. Many of these cooperative behaviors involve the production of 'public goods' that potentially benefit all members of the population, not just the individual producing the goods [2] . The problem of cooperation lies in the vulnerability assumed by all cooperators: by investing in a public good at some cost, there is resulting selection for invading cheats that avoid that cost while gaining the benefits. Ultimately, once cheats reach a high enough frequency in the population, the benefits of cooperation fall below the relative costs to the population, and the cooperative system is in danger of collapse [3] . Why then are cooperative traits and strategies so common and successful throughout different levels of biological organization? This question has puzzled evolutionary biologists for decades. Kin selection, the leading theoretical treatment of cooperation, encapsulated in Hamilton's inclusive fitness theory, ties the balance of cooperative costs and benefits to relatedness amongst individuals in a population [4, 5] . To answer this question more empirically, biologists have focused on social traits in model organisms. Studies in these organisms have shaped our understanding of phenotypic diversification and community stability in the context of cooperation. In a new study published in this issue of Current Biology, Ö zkaya and colleagues [6] use populations of a fast-growing model bacterium to examine the costs and benefits of cooperation.
Examples of cooperation in unicellular microorganisms such as bacteria can be simple and tractable. In these systems, intercellular cooperative activities can be easily discerned as fitness-enhancing behaviors that occur outside the cell. Such behaviors include nutrient acquisition, aggregation, dispersal, and cell-cell communication. These general features of microbial biology, coupled with relative ease of handling, genetic manipulation, and rapid generation times, have placed microbial systems at the forefront of evolutionary research [2, 7] .
The environmental bacterium and opportunistic pathogen Pseudomonas aeruginosa is among the most thoroughly studied model organisms in the context of social evolution. P. aeruginosa maintains cooperative traits that contribute to both its success as a free-living organism in fluctuating environments and also its virulence during chronic infections. In both free-living and pathogen-associated lifestyles, a principal limitation to growth lies in iron availability. To circumvent this barrier, P. aeruginosa produces and secretes iron-scavenging molecules termed siderophores, at a considerable fitness cost. Siderophores, as public goods, can be used again and again, and their durability contributes to the overall balance of costs and benefits of production [8] . But it takes more than iron acquisition to succeed in the bacterial world, and P. aeruginosa has a myriad of other cooperative traits. A cell-cell communication mechanism called 'quorum sensing' allows P. aeruginosa to monitor its population density using several secreted signal molecules [9] . Accumulation of these signals, up to a threshold concentration, results in several cooperative behaviors, including the secretion of extracellular proteases that facilitate nutrient acquisition [7, 10] . These proteases break down bulky protein substrates encountered by the bacteria, such as casein or elastin, into smaller forms that can be trafficked into the cell and used for growth. For both proteases and siderophores, facultative control through quorum sensing or the regulatory response to iron starvation limits these In two-way co-cultures of wild-type cooperating bacteria (black) coupled with either siderophore cheaters (green, top left) or quorum-sensing (QS) cheaters (orange, top right), cooperation is unsustainable, as cheaters enrich under selection for the individual cooperative trait. Therefore, population productivity is vulnerable to collapse (UNSTABLE). However, in a three-way co-culture, when the same strains of bacteria are grown in conditions in which both traits are under selection (bottom right), the outcome is different. The cheater for the cooperative trait with the lowest cost-benefit ratio (siderophore cheater, green) out-competes both of the other strains, thereby stabilizing cooperation and overall population productivity (STABLE).
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Dispatches cooperative phenotypes to scenarios that maximize the benefit of the public good. We now understand that bacterial mutants defective in either quorum sensing or siderophore production can behave as social cheats in vitro, allowing empirical exploration of social evolutionary theory [11] [12] [13] . Both siderophore mutants and proteasedeficient quorum-sensing mutants display a hallmark of social selection termed 'negative frequency dependence', in which the relative fitness of cheats as compared to cooperators decreases as the proportion of cheats increases in the population [14, 15] . Negative frequency dependence provides one explanation of how cooperation may be preserved in the face of invading cheats. However, this principle alone is insufficient to explain why both experimental P. aeruginosa populations and those surveyed in vivo (for example, isolated from chronic infections) persist in the presence of continued, observable cheater evolution. Several alternative mechanisms for the stabilization of cooperation have been proposed using siderophore-and protease-mediated cooperation (reviewed in [7] ), but all of those previous experiments have focused on a single trait in isolation. This reduction in complexity is valuable, but misses the possibility of interplay between selective forces when populations share multiple, independently regulated public goods. The work of Ö zkaya et al., [6] presented in this issue, elegantly characterizes the evolutionary dynamics of multiple, simultaneous targets of cooperative selection, an aspect of social evolution that is poorly understood.
To better understand how selection acts during more complex public-goods scenarios, Ö zkaya and colleagues [6] evaluated the evolutionary outcomes of simultaneous cheating on two cooperative traits. The experimental setup was simple: the authors examined bacteria in iron-depleted casein medium where both the siderophore pyoverdine and quorum-sensing-controlled protease production are required for growth. The populations were scrutinized over the course of many passages to allow in vitro evolution. When the wild type was competed against a single isogenic cheater for either trait, cheaters became enriched in the population, ultimately resulting in a significant decrease in the overall population, as previously described (Figure 1) .
However, when both quorum-sensing and pyoverdine cheaters were competed against the wild type in a three-way coculture the results were fascinating. In the presence of a pyoverdine-mutant cheater, the quorum-sensing-deficient mutant did not become enriched in the population; however, pyoverdine mutants did become enriched in the presence of quorum-sensing mutants. Furthermore, overall population growth was maintained in the three-way co-culture where both pyoverdine and quorum-sensingcontrolled protease production are required ( Figure 1 ). The reason for this specific cooperative stabilization lies in the balance of costs and benefits among the two traits. The overall cost-benefit ratio of pyoverdine secretion is lower than that of quorum-sensing-controlled protease, thus allowing a higher cheater load to be tolerated for the former trait. This reduced cost-benefit ratio for the pyoverdine cheater allows domination over both the full cooperator and protease cheater in a mixed competition, ultimately preserving the overall productivity of the population.
In a clever twist, the authors then varied the selective pressures partway through the in vitro evolution experiment. With the same three-way competition underway in medium with both selective pressures, pyoverdine mutants were enriched and quorum-sensing-controlled protease mutants remained at low frequency, though overall productivity remained high. However, when the selective requirement of pyoverdine was removed for several passages of the co-culture, protease mutants again were able to invade the population. These results confirmed that the social role of a cheater or cooperator phenotype is dependent on specific nutrient availability and, by extension, selective pressures of the system. This finding vividly illustrates that de novo adaptations to an environment can be subverted by social interactions under strong selection. Finally, the authors recapitulated their experimental findings using a mathematical model that dynamically integrates the relative costs and benefits of each trait. The authors' model is consistent with their hypothesis that selection on multiple cooperative traits favors the cheater for the public good with the lowest costbenefit ratio.
The study of pyoverdine production and quorum-sensing-controlled protease secretion in P. aeruginosa has provided a test-bed for cooperative evolutionary theory [7, 16] . The findings of Ö zkaya et al. [6] bring our understanding closer to the natural conditions ultimately targeted by theory and experimentation alike. In a clinical context, P. aeruginosa is an important pathogen with the ability to persist in chronic infections despite aggressive treatment [17] . Consistent isolation of pyoverdine and proteasedeficient quorum-sensing mutants from such infections has left open questions as to how these populations survive the assault of host defenses and antibiotics, let alone the risks of cooperative investment [18] . Despite the tractability of experimental evolution in bacteria, social mutations in laboratory populations may not represent the social context experienced by naturally evolving pathogenic populations [19] . Spatial segregation, a key driver of cooperation stability and pathogen diversification in infections [20] , has also been left largely unexamined in vitro. Future investigation into the stability of cooperative strategies will require more comprehensive integration of these ancillary sources of selection before the problem of cooperation is answered.
